The efficient detection and distinction of carbapenem-resistant and carbapenemase-producing Enterobacteriaceae continues to pose a major challenge to clinical microbiology laboratories, particularly in resource-constrained countries. Disc diffusion (DD), micro-broth dilution (BMD), Vitek II, Carba NP test, modified Hodge's test (MHT) and real-time PCR were evaluated on known carbapenem-resistant and carbapenemase-producing clinical Enterobacteriaceae isolates in terms of their sensitivity and specificity using whole genome sequencing (WGS) as the gold standard. DD with meropenem (MRP), real-time PCR, DD with imipenem (IMP), BMD, Carba NP test, and BMD with IMP had sensitivities of 100%, 97.96%, 97.96%, 97.96%, 95.92%, and 95.92% respectively. Real-time PCR and Carba NP test had the highest specificities (100%) and shortest turnaround times (< 3 hours). DD or BMD using meropenem, followed by Carba NP test and PCR were the best protocols for detecting and confirming CPEs clinically. We recommend the Carba NP test and/or DD specifically for resource-constrained laboratories for detection and control of carbapenemase-producing Enterobacteriaceae.
The limited therapeutic options available for infections caused by carbapenem-resistant Enterobacteriaceae (CRE) and carbapenemaseproducing Enterobacteriaceae (CPE), alongside the relatively higher mortality rates associated with the infections they cause are challenges affecting clinical medicine and antibiotic chemotherapy 1, 2 . A major clinical conundrum facing clinical microbiologists is the detection and discrimination of CPE from CRE using antimicrobial sensitivity testing (AST) results as some CPE have been shown to be susceptible to carbapenems and not all CRE are CPE. Consequently, screening and detection methods that are rapid, reliable and reproducible are critical to the early identification and containment of CRE and CPE, particularly in resource-constrained clinical settings, to pre-empt their escalation to epidemic proportions 3 . Whereas molecular tests using conventional PCR or multiplex/real time PCR followed by sequencing and whole genome sequencing (WGS) are able to detect all known carbapenemases present in an isolate, the cost and skills required for these tests are beyond the affordability of many clinical microbiology laboratories. The same can be said for the UV spectrophotometric method 3 . Subsequently, simpler tests such as disc diffusion (DD), microbroth dilution (BMD), Vitek II, the modified Hodge's test (MHT), meropenem-EDTA synergy test, and the Carba NP tests are suggested for resourceconstrained health-care settings. Imipenem (IMI) and meropenem (MRP) are the commonly used carbapenems for detecting CREs and CPEs, albeit MRP and in some cases ertapenem have been reported to be more sensitive 3 . This study evaluated the specificity and sensitivity of phenotypic and genotypic methods in detecting CPE from CRE using WGS as the gold standard on clinical Enterobacteriaceae.
MATERIALS AND METHODS

Ethical clearance
The study was approved by the Biomedical Research and Ethical Committee of the University of KwaZulu Natal, South Africa (reference number BE040/14).
Bacterial isolates
Forty-eight clinical Enterobacteriaceae isolates from various sources, viz., rectal swabs, blood culture, catheter tips, urine, vaginal swabs, sputum, abdominal swab, pus swabs, peritoneal fluids, and tracheal fluids from patients of both sexes between the ages of nine months and 82 years that had been well-characterised by WGS were used (unpublished data).
E DD, BMD, and Vitek II were used to determine the susceptibilities of the isolates to IMP and MRP using EUCAST 2016 guidelines and breakpoints (v 6.0) 4 . All isolates that were nonsusceptible to any of the two carbapenems (Table  SI) were interpreted as a CRE and a potential CPE.
MHT, Carba NP and real-time PCR
A DD assay using MRP was set-up as previously described 5 . The MHT was carried out and results interpreted as described by the CLSI 6 . The CNP was carried out and interpreted using the modifications described by Vasoo et al. (2013) (Table SI) 7 . Real-time PCR was used to screen for the presence of known carbapenemases (KPC, GES, OXA-48, NDM, SPM, VIM, IMP, SIM and GIM) using already described conditions 8, 9 .
WGS
The isolates had been already characterised by WGS in a previous study (Table  SI ) (unpublished). The WGS results were used as the gold standard to evaluate all the other phenotypic and real-time PCR tests to determine their sensitivities and specificities.
Statistical analysis
Methods described by Parikh et al. (2008) were used to determine the sensitivity and specificity (Table I ) of all the phenotypic and realtime PCR tests using WGS as the gold standard to calculate the true positives, true negatives, false positives, and false negatives obtained from each test with a confidence interval (CI) of 95% (Tables  I and II) 10 .
RESULTS AND DISCUSSION
Tables I-III summarises the results of the phenotypic and real time PCR tests.
Analysis
As shown in Table I , DD with MRP test had the highest sensitivity, but a poorer specificity. Although the sensitivity of the real-time PCR, DD with IMP, and BMD with MRP were equal, realtime PCR had the best specificity (100%), which was equalled only by that of the Carba NP test (Table I ). In spite of the higher sensitivities of the DD and BMD, their lower specificities were of concern. However, DD with IMP had high sensitivity (97.96%) and relatively high specificity (71.43%). With the exception of Vitek II, MRP provided a higher sensitivity than IMP in all tests (DD, Vitek II and BMD), albeit with a lower specificity; in keeping with studies that advocate for the use of MRP in DD [3] . We therefore suggest that MRP alone could be used in BMD for CPE detection as it had better sensitivity and specificity than BMD with IMP (Table I ); MRP's specificity was lower than IMP in DD.
The lower sensitivities and specificities of Vitek II and the MHT make them unsuitable as (Tables I and II) , as has been suggested in other studies 3 Interpretation of MHT results is subjective. Although BMD is seen as the gold standard for susceptibility tests, its sensitivity and specificity for CPEs were relatively low. The lower sensitivity of DD with IMP has been cited as a reason for the use of ertapenem in screening for CPEs 3 . The major setback in these culture-based tests is the oneday incubation period required to obtain results and their inability to differentiate between carbapenem resistance mediated by carbapenemases, overproduction of ESBLs, and/ or AmpCs coupled with lower membrane permeability. As discussed elsewhere 3 , several in vitro carbapenem-susceptible isolates were resistant in vivo whilst isolates resistant in vitro were actually non-carbapenemase producers. Subsequently, the initiation of therapy based on just MICs and breakpoints results has the potential to result in therapeutic failure and the exacerbation of resistance. Further reducing the breakpoint averages as suggested and/or augmenting with carbapenemase-detection tests will be an appropriate step towards carbapenem stewardship 3 . Most of the false-negative results (Tables II and SI) that resulted in low specificities were due to the GES-5 carbapenemases as they have lower hydrolysis rates (Table SI) . This was the reason for the lower Carba NP test sensitivity rate of 95.92%, a phenomenon also observed by the test's developers 3, 11 , whilst a false-negative detection of OXA-232 was the reason behind the real-time PCR's sensitivity rate of 97.96% (Tables  I, II and SI) . The substantial presence of GES genes in South Africa 1 requires that the Carba NP test is followed up with PCR, if accessible and affordable, to enable the effective detection of GES genes that would otherwise not be detected. The CNP had a higher sensitivity than that reported in Belgium by Yusuf et al. (2013) 3,12 and a lower sensitivity than that reported by Vasoo and peers at the Mayo clinic, USA 3, 7 . Compared to the culture-based sensitivity/screening and detection tests, the Carba NP test and real-time PCR had shorter turn-around times as well as relatively higher sensitivities and perfect specificities (100%). These make them ideal for detecting CPEs for a faster infection control intervention and for carbapenem (antibiotic) stewardship. Multiplex real time PCR has been used to screen for CPEs from rectal, peri-anal and throat swabs and stool samples with faster turnaround time and high detection efficiency; but the skill and costs associated with these tests are not available to microbiology labs in many underresourced countries 3 . Table 3 . Results of disc diffusion (DD), micro-broth dilution (BMD), Vitek II, modified Hodge's test (MHT), Carba NP test (CNP), real-time PCR, and whole genome sequencing (WGS) on the Enterobacteriaceae isolates 
CONCLUSION
WGS is the most ideal tool for detecting CPEs clinically, albeit undescribed carbapenemases cannot be identified. Real-time PCR can be used directly as a screening and detection tool to identify NDM and GES CPEs without the need for a culturing step, thus saving time and efforts. The Carba NP test is recommended for resourceconstrained clinical settings due to its simplicity, shorter turn-around time and lower cost while DD and BMD with MRP can serve as an initial NDM and GES CPE screening and detection tests in the absence of the Carba NP test.
